Pavlovian conditioned stimuli can acquire incentive motivational properties, and this phenomenon can be measured in animals using Pavlovian conditioned approach behavior. Drugs of abuse can influence the expression of this behavior, and nicotine in particular exhibits incentive amplifying effects. Both conditioned approach behavior and drug abuse rely on overlapping corticolimbic circuitry. We hypothesize that the orbitofrontal cortex (OFC) regulates conditioned approach, and that one site of nicotine action is in the OFC where it reduces cortical output. To test this, we repeatedly exposed rats to 0.4 mg/kg nicotine (s.c.) during training and then pharmacologically inactivated the lateral OFC or performed in vivo electrophysiological recordings of lateral OFC neurons in the presence or absence of nicotine. In Experiment 1, animals were trained in a Pavlovian conditioning paradigm and behavior was evaluated after inactivation of the OFC by microinfusion of the GABA agonists baclofen and muscimol. In Experiment 2, we monitored phasic firing of OFC neurons during Pavlovian conditioning sessions. Nicotine reliably enhanced conditioned responding to the conditioned cue, and inactivation of the OFC reduced conditioned responding, especially the sign-tracking response. OFC neurons exhibited phasic excitations to cue presentation and during goal tracking, and nicotine acutely blunted this phasic neuronal firing. When nicotine was withheld, both conditioned responding and phasic firing in the OFC returned to the level of controls. These results suggest that the OFC is recruited for the expression of conditioned responses, and that nicotine acutely influences this behavior by reducing phasic firing in the OFC.
Introduction
Environmental stimuli associated with nicotine or other drugs of abuse can acquire incentive motivational properties, becoming salient, attractive, and able to motivate behavior (Robinson and Berridge, 1993) . In humans attempting to abstain from drug use, encountering these 'incentives' -stimuli that acquire motivational properties based on associations with drug rewards (Logan, 1964) can lead to craving and promote relapse (Obrien et al., 1992) . Biobehavioral models of substance dependence implicate long-term changes in the brain circuitry that mediates responses to incentives as central to substance use disorders (Di Chiara et al., 1992; Robinson and Berridge, 1993) . Preclinical studies have confirmed that frontolimbic circuitry plays a critical role in the motivational effects of many drugs of abuse (Kalivas and Volkow, 2005) . This circuit includes ascending dopaminergic projections from the midbrain, including the ventral tegmental area, and descending glutamatergic projections from the frontal cortex, including the anterior cingulate gyrus and prefrontal cortex (PFC). These projections converge on subcortical circuits that include the ventral striatum, ventral pallidum, and subthalamic nucleus.
The PFC has been implicated in substance dependence because of its role in top-down control of behavior, attention, decision making, and other functions that, when compromised, contribute to addiction vulnerability (Perry et al., 2010) . Chronic drug use increases the influence of ascending midbrain systems while reducing cognitive control, resulting in an enhanced drive to seek the drug and a decrease in the ability to inhibit drug-seeking (Olausson et al., 2007) . The orbitofrontal cortex (OFC), in particular, has been linked to incentive motivation and representations of outcome value or salience in both humans and animals (Gottfried et al., 2003; Ogawa et al., 2013) , as well as the expression of behavioral responses and reward-seeking behaviors (Burton et al., 2014; Moorman and Aston-Jones, 2014) . While the exact function of the OFC has yet to be precisely defined (see Stalnaker et al., 2015 for review) the OFC has consistently been characterized as involved in behaviors such as impulsivity (Mar et al., 2011; Zeeb et al., 2010) and Pavlovian conditioned approach (Chudasama and Robbins, 2003; Gallagher et al., 1999; Ostlund and Balleine, 2007) .
Incentive stimuli that predict both drug and non-drug rewards evoke 'Pavlovian conditioned approach' behavior, which can take one of two forms. Approach behaviors oriented toward the location of reward delivery are traditionally referred to as 'goal tracking,' whereas behaviors oriented toward the location of the incentive, if it is spatially separated from the reward, are referred to as 'sign tracking' (Brown and Jenkins, 1968) . Sign tracking has recently come under increasing scrutiny in substance dependence research because of its association with drug abuse vulnerability Tomie et al., 2008) . Although both sign and goal tracking rely on the same mesotelencephalic systems implicated in substance dependence (Flagel et al., 2011b; Saunders and Robinson, 2012) , individual subjects who display a greater propensity to sign track show increased drug self-administration (Saunders and Robinson, 2011; Versaggi et al., 2016) . These individual differences are also linked to variation in stress responses, neurotransmitter release, and neuronal activation in areas including the PFC and the nucleus accumbens Tomie et al., 2008) . For example, one study found that c-fos mRNA induction in the OFC was increased only in animals that displayed the sign-tracking response (Flagel et al., 2011a) . While it appears that the OFC is involved in Pavlovian conditioned behaviors, there is still much to be learned, including the differential involvement of this region based on specific conditioned responses.
Recent studies from multiple laboratories suggest a special relationship between the effects of nicotine and approach to incentives (Palmatier et al., 2014; Versaggi et al., 2016; Yager and Robinson, 2015) . The interaction between nicotine and incentives is especially relevant to tobacco use and dependence because preclinical studies have repeatedly demonstrated that nicotine is a weak primary reinforcer (Foll and Goldberg, 2009; Palmatier et al., 2006) . Caggiula, Donny, Chaudhri and others (Caggiula et al., 2001; Donny et al., 2003; Chaudhri et al., 2006) have argued that nicotine self-administration follows from three effects of nicotine on behavior. First, nicotine is a primary reinforcer, albeit a weak one, meaning that nicotine delivery alone supports self-administration. Second, nicotine is a reinforcement enhancer; i.e., nicotine delivery increases responding for non-drug reinforcers (Chaudhri et al., 2007; Donny et al., 2003; Palmatier et al., 2006) . Third, serving as a primary reinforcer, nicotine can establish associated non-drug stimuli as 'conditioned reinforcers' (i.e., incentives; Palmatier et al., 2008) . More recently, Palmatier and colleagues (Palmatier et al., 2014 (Palmatier et al., , 2013a (Palmatier et al., , 2012 have argued that the second effect of nicotine, enhanced responding for non-drug reinforcers, reflects an effect of nicotine on underlying neurobiological substrates that mediate responses to incentives, including conditioned stimuli. Accordingly, they have found that nicotine promotes Pavlovian conditioned approach, including sign-tracking (Palmatier et al., 2013b) , and that the increase in approach is abolished by dopaminergic antagonists (Palmatier et al., 2014) .
The present study sought to more thoroughly explore the neurobiological underpinnings of the incentive-promoting effects of nicotine by evaluating the role of the OFC in sign-and goaltracking. We hypothesized that the OFC would be directly involved in both sign-and goal-tracking conditioned responses, and that nicotine exposure would reduce the ability of the OFC to exert top down control over this behavior. We tested this hypothesis with pharmacological inactivation of the OFC and by examining OFC firing patterns in vivo during Pavlovian conditioning sessions.
Materials and methods

Animals
Adult, male, Sprague Dawley rats (225e250 g on arrival) were purchased from Harlan/Envigo (Indianapolis, IN), pair housed during initial training, and then individually housed after surgery. Experiment 1 used 16 animals and Experiment 2 used 25 animals. Animals were provided with food and water ad libitum during the entire experiment. Rats were housed in a vivarium on a 12:12 h light:dark cycle, and all experiments were conducted during the light cycle. All procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill.
Behavioral training and nicotine regimen
Before training, animals were allowed 1-h access to the 20% sucrose (w/v) solution that would be used as the unconditioned stimulus. Animals were then assigned to either a nicotine exposure group (NIC) or a saline control group (SAL). Nicotine hydrogen tartrate salt (Sigma-Aldrich, St. Louis, MO) was dissolved in sterile saline and the pH was adjusted to 7.0 ± 0.2. Animals in the NIC group received one injection of 0.4 mg/kg nicotine (s.c., calculated using the freebase form) and animals in the SAL group received an equivalent volume of saline for two days prior to conditioning to habituate them to the injection procedure. This dose was chosen because it is commonly used for repeated subcutaneous injections of nicotine, and we and others have previously shown that this dose influences conditioned responding (e.g., Guy and Fletcher, 2014; Palmatier et al., 2013b) . Training sessions were conducted in standard behavioral chambers (MedAssociates, St Albans, VT) assembled with Plexiglas walls. A recessed reward receptacle, stimulus light, and retractable lever directly below the light were located on one wall of the chamber, and a house light was positioned on the opposite wall. A photobeam detector across the reward cup detected head entries into the receptacle. Animals were habituated to the testing chambers during one day of receptacle training, in which they were injected with the assigned drug or control solution, returned to their home cage for 10 min, and then placed in the testing chamber for 5 min before session initiation. During this session, 20% sucrose was dispensed into the receptacle on a variable interval (VI) 120 s schedule. Animals rarely failed to consume the reward, and NIC and SAL groups did not differ in the amount of fluid left in the reward cups at the end of the session (data not shown). Next, 20 (Experiment 1) or 25 (Experiment 2) Pavlovian conditioning sessions were conducted, Monday-Friday, in which the animals were injected with nicotine or saline 15 min before session initiation as described above. The house light was illuminated throughout the session and stimulus-reward pairings occurred on a VI 120 s reinforcement schedule. The conditioned stimulus (cue) consisted of illumination of a cue light and extension of the lever located directly below the light. Cue presentations lasted 30s, and were immediately followed by 0.1 ml of 20% sucrose dispensed into the reward receptacle. Each session consisted of 15 cue-reward trials. After these training sessions, all animals were habituated to custom-built Plexiglas chambers inside sound attenuated boxes which had similar components but were optimized for electrophysiology recordings (Fanelli et al., 2013) , for an additional 5 days before surgery.
Surgery
For Experiment 1, rats were anesthetized with isoflurane and implanted bilaterally with 26-gauge stainless steel cannulae (Plastics One, Roanoke, VA) aimed at the lateral OFC (3.7 mm anterior, 2.7 mm lateral, 4.0 mm ventral from bregma). For Experiment 2, rats were implanted with two microwire electrode arrays (NB Labs, Denison, TX), each consisting of 8 stainless-steel, Tefloncoated wires that were 50-mm in diameter and spaced 0.5 mm apart in a 2 Â 4 configuration. Fixed-placement arrays were used as we planned to record behavior over several days and conditions, and we aimed to sample the same population of neurons (if not the same individual neurons) across each recording day. Arrays were placed bilaterally into the OFC, (centered at 3.7 mm anterior, 2.7 mm lateral from bregma, 5.0 mm ventral from the adjacent skull surface). For both experiments, animals were allowed to recover from surgery for at least 7 days before resuming Pavlovian conditioning sessions.
Experiment 1: Intracranial microinfusions
After recovery, rats underwent 3e5 days of Pavlovian conditioning sessions to ensure that behavior remained constant. Two days before the intracranial microinfusions, animals were habituated to the procedure immediately before a standard Pavlovian conditioning session. Rats were held by the experimenter and 33-gauge stainless steel injection cannulae (Plastics One) that protruded 1 mm beyond the guide cannulae were inserted and left in place for 4 min, mimicking the subsequent infusion procedure. On the test day, animals were infused with a cocktail of the GABA A receptor agonist muscimol and the GABA B receptor agonist baclofen (Sigma-Aldrich, 0.125 mg of each drug/0.5 ml) or saline vehicle.
These doses were chosen because they have previously been shown to affect OFC-dependent behavior (Zeeb et al., 2010) without influencing locomotor activity (St. Onge and Floresco, 2010) . Injection cannulae were left in place for 1 min before and 1 min after the infusion to ensure accurate diffusion of the drug. Each infusion occurred over 2 min, during which 0.5 ml of drug cocktail or vehicle was infused into each hemisphere at a rate of 0.25 ml/min. Next, animals were immediately injected with the previously assigned solution of either nicotine or saline and Pavlovian conditioning sessions occurred as described above.
Experiment 2: In vivo electrophysiology
Rats underwent 2e3 Pavlovian conditioning sessions after surgery to confirm that behavior remained consistent before being habituated to a flexible tether connected to the headstage assembly and electrode arrays. After habituation, electrophysiological recordings were conducted during Pavlovian conditioning sessions and test sessions. Electrophysiological recordings were conducted as previously described (Fanelli et al., 2013; Robinson and Carelli, 2008 ) using a multichannel acquisition processor (MAP system using SortClient software; Plexon Inc, Dallas TX) to record neuronal activity. Briefly, animals were tethered and placed in the recording chamber for 15 min before the start of the session. During this time, a differential reference was manually selected for each electrode array and thresholds were set for all microwires. Pavlovian conditioning sessions were conducted as described above and timestamps from MedAssociates software registering within-session events (cue onset, lever press, receptacle entry, reward delivery) were aligned with neuronal activity recorded with the MAP system. After each session, cell sorting was conducted using Plexon Offline Sorter software. Timestamp data were imported and further analyzed using Neuroexplorer (NEX Technologies, Madison AL) and custom-written programs in MATLAB (Mathworks, Natick, MA).
Histology
Animals were injected with 1.5 g/kg urethane solution (SigmaAldrich, 50% w/w in saline, i.p.). Once anesthetized, a 10 mA current was passed through each stainless-steel microwire in rats from Experiment 2 to leave an iron deposit at the location of the electrode tip. All rats were perfused with 10% formaldehyde solution. The brain was removed and fixed in 30% sucrose cryoprotectant before being frozen, 40-mm sections were then taken on a cryostat. Sections were stained with potassium ferracyanide and thionin to visualize individual electrode or cannula placements. Cannula (Fig. 1A) and electrode (Fig. 1B) placements were marked based on sections from the Paxinos and Watson rat brain atlas (1998).
Behavioral data analysis and statistics
Data from Pavlovian conditioning sessions were collected with MedAssociates software and compiled using custom-written programs in R (R Core Team, version 3.1.2). Lever deflections and latencies to enter the receptacle or press the lever were averaged across trials for each animal. As the reward receptacle was present throughout the entire session, receptacle elevation scores (Palmatier et al., 2013b) were used to assess enhanced receptacle entries that occurred as a result of cue presentation. Elevation scores were calculated by subtracting the number of receptacle entries that occurred 30 s immediately before each cue presentation (pre-cue period) from the number of receptacle entries that occurred during each 30 s cue presentation (cue period). Thus, a positive elevation score indicates that an animal increased this response specifically during cue presentation. Lever and receptacle probability scores were calculated by taking the number of trials during which an animal pressed the lever or entered the receptacle at least once, and dividing by 15 total trials. Comparisons of behavioral responses during training and on test days were conducted using 2-way repeated-measures ANOVA in Sigma Plot (Systat Software Inc, San Jose CA) followed by Tukey's HSD post-hoc comparisons when appropriate. Probability scores were analyzed with the genmod procedure in SAS (SAS Institute Inc, Cary, NC) using a Wald's chisquare within the context of a logistic regression model with effects for each drug treatment by week or test day combination and standard error adjusted for multiple observations within rats. Behavioral responses were also compared between NIC and SAL groups on the final day of training (Experiment 1: Day 20, Experiment 2: Day 25) by independent samples t-test or Mann-Whitney U test, depending on the distribution of the data.
Cell firing data analysis and statistics
Baseline firing rates of cells for each group were calculated by averaging the spike rates during the 60s immediately before house light illumination that signaled session initiation. Firing rates of individual neurons surrounding within-session events were normalized by dividing the firing rate at the event of interest by the mean firing rate over the whole session. For population analysis, the normalized activity of all cells for each treatment or behavior group was aligned to the event of interest and smoothed with a moving average of 250 ms in 50 ms steps. Statistical analysis of population activity was completed using a Mann-Whitney ranksum test or Kruskal-Wallis one way ANOVA on ranks in Sigma Plot software.
To identify changes in firing patterns that are not apparent with population analysis, individual neurons that demonstrated phasic activity by significantly changing their firing rate around withinsession events were classified using z-scores. For cue onset, firing rates during a 2 s pre-target window (baseline) were compared to firing during a 500ms target window immediately after the cue was presented. For all other events, a change in firing during a target window 500ms before and after the event occurred was compared to a 2 s baseline period. Z-scores were calculated based on the magnitude of the change in firing rate, and cells with a z-score between À2 and 2 were classified as non-phasic. A z-score of >2 was classified as excitatory activity, and a z-score less than À2 was classified as inhibitory activity.
Results
Animals were excluded from Experiment 1 if one or both cannula were not placed in the OFC. A total of 16 rats underwent surgery and 2 animals were excluded from the study based on incorrect cannula placements. Placement of cannula tips for remaining animals are depicted in Fig. 1A , both the NIC and SAL groups included 7 animals. Individual units recorded in Experiment 2 were excluded if the corresponding wire was not placed in the OFC. Animals were excluded if no cells remained on wires that were correctly placed in the OFC. A total of 25 animals underwent surgery and 1 animal was removed based on incorrect electrode placements. Placements of remaining electrodes are depicted in Fig. 1B . One animal was removed from analysis for failing to complete the saline test day. A total of 12 animals in the SAL group and 11 animals in the NIC group were included in the study.
Experiment 1: Inactivation of the OFC
Training
To assess differences in acquisition of Pavlovian conditioned approach behavior, NIC and SAL animals were compared over 20 days of training. Measures of conditioned responding are collapsed across 4 weeks and means ± SEM are presented in Fig. 2 . Over time, both experimental groups developed conditioned responses to cue presentation, approaching both the lever and reward receptacle. Rats in the NIC group were more likely to exhibit sign tracking behaviors than controls. Both groups decreased the latency to approach the reward receptacle and increased both the number of lever presses per trial and the probability of pressing the lever over 4 weeks of training. NIC rats, relative to SAL rats, showed a nonsignificant decrease in lever latency over 4 weeks of training [ Fig. 2A, F(1,12) There were no differences between groups or any interactions for the goal-tracking measures of receptacle latency, receptacle elevation score, or receptacle probability (Fig. 2DeF ).
While we hypothesized that nicotine would increase the likelihood that an animal will show sign-tracking behaviors, we anticipated that significant individual variability would arise within treatment groups. Individual rats can develop sign-and goaltracking behaviors regardless of drug treatment, and this individual variability emerged during training. To illustrate this, we plotted the behavior of each individual rat in the NIC and SAL groups on the last day of training (Fig. 2AeF, right) . NIC animals displayed more sign tracking behavior on average, but individuals within both drug exposure groups revealed a diverse behavioral profile, including both sign-and goal-tracking conditioned responses.
Pharmacological inactivation of the OFC
To assess the involvement of the OFC in mediating sign-and goal-tracking conditioned responses and the ability of nicotine exposure to influence OFC control of these behaviors, animals received intra-OFC infusions of the GABA receptor agonists baclofen and muscimol. OFC inactivation reduced conditioned responding in both NIC and SAL animals compared to vehicle infusion, but did not completely abolish behavior (Fig. 3) . In fact, there were selective changes in some behaviors, and no difference in responding in others. Both NIC and SAL groups showed a reduction in signtracking behaviors after OFC inactivation, compared to vehicle infusion. Group differences that were present after vehicle infusion remained after inactivation. There was an increase in lever latency after inactivation (Fig. 3A) , with a main effect of infusion [F (1,12 There were fewer effects of inactivation on goal-tracking behaviors. For receptacle elevation score (Fig. 3E) only NIC animals reduced their elevation score after inactivation of the OFC, as demonstrated by a group Â infusion interaction [F (1,12) ¼ 6.0 p < 0.05]. There was no difference in latency to approach the reward cup (Fig. 3D ), or probability of performing a receptacle entry after GABA agonist infusion compared to control conditions (Fig. 3F) . Thus, while both NIC and SAL animals reduced their signtracking behaviors after inactivation of the OFC, there were few changes to goal-tracking behaviors, suggesting that the change in behavior was not due to gross deficits in locomotor activity. While measures of receptacle latency and probability of entering the receptacle did not change after OFC inactivation in either group, NIC animals did show a decrease in receptacle elevation score while SAL animals were unchanged.
3.2. Experiment 2 e Single-unit recording from the OFC during pavlovian conditioning 3.2.1. Training A second cohort of rats was trained with the purpose of conducting in vivo electrophysiology during Pavlovian conditioning sessions. This group of animals trained as described for Experiment 1, but training occurred over 25 days and behavioral data were collapsed across 5 weeks (Fig. 4) . Additionally, we include comparisons between treatment groups on the last day of training and plot individual behavioral responses on that day (Fig. 4AeF, right) . In this cohort, NIC animals displayed increased sign tracking and goal tracking behaviors. On measures of sign tracking, NIC animals decreased their lever latency during acquisition [ Fig. 4A , group Â week interaction F (4,92) ¼ 38.6, p < 0.05 and showed an increase in lever probability [ Fig. 4C , group Â week interaction X 2 (4) ¼ 13.3 p < 0.05] Post-hoc tests indicate that NIC animals were significantly faster to approach and more likely to press the lever during the last 4 weeks of training. On the last day of training (Day 25), group differences between NIC and SAL animals did not reach significance for lever latency [MWU ¼ 42.0, p ¼ 0.053], but NIC rats demonstrated a higher probability of lever pressing on this day [MWU ¼ 28, p < 0.01]. There was no difference in lever presses per trial between NIC and SAL animals, although the mean lever presses for NIC animals was consistently higher than SAL animals each week. On the last day of training, the difference between NIC and SAL groups in number of lever presses did not reach statistical significance [ Fig. 4B , MWU ¼ 44.5, p ¼ 0.072]. The lack of a difference on this measure can be attributed to the high variability in SAL animals, and the existence of high-pressing SAL animals. NIC animals also showed increases in goal-tracking behaviors. NIC animals were generally faster to and more likely to approach the receptacle, as demonstrated by main effects of group for receptacle latency [ Fig. 4D, F(1,23) Behavior of individual animals in each group on that day are represented by grey circles (note that some circles overlap, especially in the probability graphs). * week Â group interaction p < 0.05, z difference between NIC and SAL groups on the last day of training, p < 0.05.
during a standard Pavlovian conditioning session. We analyzed 153 neurons from 12 SAL animals and 120 neurons from 11 NIC animals. 2 animals from the NIC group were removed from analysis for not completing the saline test day, or due to incorrect electrode placements. Basal firing rates in NIC and SAL rats were analyzed immediately before session initiation. No significant differences in basal firing rate arose between groups (mean SAL firing rate: 4.7 ± 0.25 mean NIC firing rate: 5.2 ± 0.3 Hz, MWU statistic ¼ 7972.5, p ¼ 0.231). There was also no difference in average firing rate across the whole session (mean SAL firing rate: 4.6 ± 0.23 Hz, mean NIC firing rate: 5.2 ± 0.29 Hz, MWU statistic ¼ 7744.0, p ¼ 0.118).
Example raster plots and peristimulus time histograms for a single cell from one NIC animal are presented in Fig. 5 , depicting firing patterns centered on behavioral responses and withinsession events. This cell did not exhibit a change in firing rate during a receptacle entry prior to cue presentation (Fig. 5A ) but showed an increase in firing rate when the animal performed a goal tracking conditioned response (Fig. 5B ) and during reward retrieval (Fig. 5C ). There was no change in firing rate when the animal pressed the lever (Fig. 5D ), but the cell exhibited changes in firing rate at cue presentation (Fig. 5E) , and during the first second after cue offset (Fig. 5F ). Similar firing patterns were visible when population activity was analyzed.
Mean population activity for NIC and SAL groups for those same events are presented in Figs. 6(A) and 7(A-D). Fig. 6A depicts peristimulus time histograms centered at cue onset and cue offset for NIC and SAL groups. These events are both predictors of reward, as cue onset inspires measurable conditioned responding, and cue offset is a more proximal predictor of reward availability. Firing in both NIC and SAL animals increased in response to cue onset and in response to cue offset. Cells from NIC animals increased their firing rate less than cells from SAL animals did at cue onset. Analysis of the peak firing rate during the 1s after cue onset by Kruskal-Wallis one way ANOVA on ranks indicates a difference between NIC and SAL groups (Fig. 6A , left; H (1) ¼ 9.1, p < 0.01). There was no difference in firing rate during the 1s after cue offset (Fig. 6A, right) . It is possible that the observed changes in OFC neuronal firing were Fig. 3 . Cue-evoked behavior after pharmacological inactivation of the OFC. Data are presented as mean ± SEM for NIC (black bars) and SAL (grey) groups after infusion of either vehicle or the GABA receptor agonists baclofen and muscimol into the OFC. Behavioral measures (AeF) are as described in Fig. 2 . * main effect of infusion p < 0.05, # main effect of group p < 0.05, Ϯ Ϯ group Â infusion interaction p < 0.05.
due to alterations in the testing environment, and therefore not specific to the presentation of reward-predictive stimuli. To test this possibility, we analyzed population activity of OFC cells to an additional stimulus: the house light illumination that marked the start of the conditioning session (Supplemental figure S1) . We found no increase in OFC firing rate upon illumination of the house light. Next we examined individual neuronal firing patterns at cue onset and offset. Fig. 6B and C depict mean firing rates for phasically active neurons at cue onset and offset for SAL (Fig. 6B) and NIC (Fig. 6C) groups. Phasically active neurons are classified as those cells that significantly increased or decreased their firing rate compared to a 2s baseline (blue shaded area) prior to the time of the stimulus. Phasic cells from SAL and NIC animals displayed a primarily excitatory response at cue onset and cue offset. For cells from SAL animals, 24% were excited and 5% were inhibited at cue onset, while 23% were excited and 5% were inhibited at cue offset. The same pattern was seen in cells from NIC rats, where 18% of cells were excited and 4% were inhibited at cue onset, and 19% were excited and 6% were inhibited at cue offset.
In addition to changes in firing rates due to cue presentation, we analyzed OFC neuronal firing during conditioned responses in the same Pavlovian conditioning session. Events of interest were the first receptacle entries in the 30 s before cue onset, during each trial, or immediately after cue offset, as well as the first lever press of each trial. Population and phasic activity were analyzed and compared for NIC and SAL groups. OFC neurons showed an increase in firing rate particularly during receptacle entries that occur as part of a goal-tracking conditioned response and when retrieving the reward after the cue presentation, but not during receptacle entries that occurred before cue presentation (Fig. 7) . Population activity centered on receptacle entries that occur in the absence of the cue indicate no change in mean firing rate during this behavior. Analysis of phasic activity in both NIC and SAL animals indicates that a proportion of neurons are excited surrounding this behavior, with 20% and 6% of SAL cells and 23% and 6% of NIC cells being excited or inhibited, respectively (Fig. 7A) . During the first receptacle entry that occurred during cue presentation, OFC neurons exhibited a pronounced increase in firing rate. The peak firing rate for SAL cells was significantly higher than that of NIC cells (KruskalWallis H (1) ¼ 5.7, p < 0.05). In addition, 33% of SAL units and 29% of NIC units were phasically excited, while 8% and 11% were inhibited (Fig. 7B) . No peak differences arose between NIC and SAL cells during the first receptacle entry immediately after cue offset, when the animal retrieves the reward. The highest proportion of phasically excited cells for each group was present during this period, with 41% of SAL cells and 34% of NIC cells being excited, and 12% of SAL cells and 11% of NIC cells being inhibited (Fig. 7C) . Finally, when the first lever press of each trial was analyzed, we found that there was no increase in population firing rate surrounding this action. This can be explained by the roughly equal proportion of cells that were excited and inhibited, with 17% and 13% of SAL cells being excited or inhibited, and 19% and 17% of NIC cells showing excitation or inhibition surrounding the event (Fig. 7D) . Thus, the increase in peak firing and proportion of phasically active cells during a cue-evoked conditioned response compared to a general receptacle entry suggests that the OFC encodes these actions differently. In comparison, there was a much less distinct change in population Fig. 4 . Cue-evoked behavior during Pavlovian conditioned approach training for animals in Experiment 2. Rats were trained for 25 days and data are collapsed across 5 weeks and presented as mean ± SEM. Panels AeF depict behavior of NIC (black) and SAL (grey) groups, as described in Fig. 2 . The right side of each panel depicts group behavior (mean ± SEM) on the last day of training (Day 25). Behavior of individual animals in each group on that day are represented by grey circles (note that some circles overlap, especially in the probability graphs). * group Â week interaction p < 0.05, # main effect of group p < 0.05, z difference between groups on Day 25 of training. activity during a lever press, although OFC neurons were both phasically excited and inhibited during this behavior.
Pavlovian conditioned approach behavior in the absence of nicotine
We next injected NIC animals with saline instead of nicotine before testing to investigate whether the observed effects on Pavlovian conditioned responding were due to acute exposure to the drug or to lasting effects of repeated nicotine exposure. SAL animals received a saline injection as always, and served as a control for the reproducibility of this behavior. On the saline test day (Fig. 8) , NIC animals exhibited less conditioned responding on both sign-and goal-tracking measures while SAL animals did not change their behavior across the two days. There was a main effect of test day for lever presses [ Fig. 8B, F(1,21) ¼ 8.5, p < 0.01], which is explained by high variability in two animals in the SAL group that drastically reduced their lever pressing from the baseline day to the test day, while all other SAL animals remained within ±2.4 lever presses per trial between the two days. There was a group Â test day interaction for lever latency [ Fig. 8A, F(1,21) ¼ 8.4, p < 0.01], lever press probability [ Fig. 8C, X; 2 (1) ¼ 6.3, p < 0.05], and receptacle elevation score [ Fig. 8E and F(1,21) ¼ 6.7, p < 0.05]. Posthoc comparisons indicate that NIC animals displayed more of these behaviors on the baseline day and reduced their conditioned behaviors on the saline test day while SAL animals showed no change. These results suggest that the acute effect of nicotine is responsible for the enhanced conditioned responding, as NIC animals reduced their behavior to SAL levels in the absence the drug.
Phasic cell firing in the absence of nicotine
In addition to behavior, we also measured neuronal firing during the saline test day. Analysis of basal firing rates recorded prior to session initiation for SAL animals did not yield any statistically significant differences (mean baseline day: 4.7 ± 0.25 Hz, mean saline test day: 4.2 ± 0.26 Hz, MWU statistic ¼ 8201.0, p ¼ 0.197) nor were there any differences in whole session firing rate (mean baseline day: 4.6 ± 0.23 Hz, mean saline test day: 4.1 ± 0.23 Hz, MWU statistic ¼ 8286.0, p ¼ 0.247). There was a difference in basal firing rate in NIC animals on the regular Pavlovian session compared to the saline test session (mean baseline day: 5.2 ± 0.3 Hz, mean saline test day: 4.0 ± 0.27 Hz, MWU statistic ¼ 5226.5, p < 0.01) and in whole session firing rate (mean baseline day: 5.2 ± 0.29 Hz, mean saline test day: 3.9 ± 0.25 Hz, MWU statistic ¼ 5048.0, p < 0.01). However, basal firing rates and whole session firing rates did not differ between NIC and SAL animals on either the baseline day or the saline test day. Peak normalized firing rates to within-session events were compared for each exposure group on the saline test day and baseline day. There were no statistically significant differences for SAL animals across the two test days on any measure (Fig. 9A ). For cells from NIC animals, there was an increase in peak firing at cue onset and [Kruskal-Wallis H (1) ¼ 7.5, p < 0.01] and at cue offset [Kruskal-Wallis H (1) ¼ 4.8, p < 0.05] after injection with saline instead of nicotine (Fig. 9B) . When peak firing rates for NIC and SAL animals were compared on the saline test day, there was no difference between them (Fig. 9C) . Thus, withholding the nicotine injection resulted in a reduction in conditioned responding and an increase in OFC neuronal firing to within-session events.
Discussion
In two cohorts of animals, we found that nicotine increased conditioned responding; sign-tracking behaviors were elevated in both Experiments 1 and 2 while goal-tracking behaviors were increased in Experiment 2. Inactivation of the OFC primarily reduced sign tracking and additionally reduced goal tracking in NIC rats. Electrophysiological recordings indicated that the OFC is active in response to the onset of a reward-predictive cue and during the retrieval of the reward. Goal tracking was encoded in about 30% of OFC neurons via phasic excitations that were time-locked to the behavior. In contrast, less than 20% of OFC neurons exhibited phasic excitations to sign-tracking behaviors, which was not sufficient to produce a change in population activity. Chronic treatment with nicotine blunted the increase in OFC population firing rate at cue onset and this reduction in firing was recovered when nicotine treatment was discontinued, suggesting that nicotine acutely reduces phasic firing of OFC neurons. Nicotine-induced enhancement of conditioned approach also declined to control levels when nicotine treatments were discontinued, suggesting that the changes in firing rate observed in the OFC may play a role in nicotine-enhanced conditioned approach. However, this association cannot be explicitly discerned from the inactivation study and Fig. 6 . Single unit electrophysiological recordings at cue onset or offset during a Pavlovian conditioning session. (A) Neuronal population activity in the OFC is presented as mean firing rate (±SEM, shaded) and normalized to whole session firing rate for nicotine-exposed (pink) and saline (blue) animals at cue onset and cue offset. (B, C) Phasic firing patterns of neurons that significantly changed their firing rate surrounding either cue offset or cue onset, for SAL (B) and NIC (C) groups. Green histograms represent cells that increased their firing rate, and blue histograms represent cells that decreased their firing rate, line thickness represents the proportion of cells displaying each phasic pattern. (*) significant difference in peak firing rate between groups, p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 7 . Single unit electrophysiological recordings during behavioral responses in a Pavlovian conditioning session. (A-D, left column) Neuronal population activity in the OFC is presented as mean firing rate (±SEM, shaded) and normalized to whole session firing rate for nicotine-exposed (pink) and saline-control (blue) animals centered on behavioral responses. Phasic firing patterns of neurons that significantly changed their firing rate surrounding behavioral events are depicted for SAL (center column) and NIC (right column) groups. Green histograms represent cells that increased their firing rate, and blue histograms represent cells that decreased their firing rate, line thickness represents the proportion of cells displaying each phasic pattern. (*) significant difference in peak firing rate between groups, p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) should be validated empirically.
Our model produced sign-and goal-tracking behavior similar to previous reports (Flagel et al., 2009; Palmatier et al., 2013b; Versaggi et al., 2016) , as control animals exhibited individual preferences for the sign-or goal-tracking behavior. In addition, nicotine exposure increased the likelihood that an animal would display a sign-tracking response in Experiments 1 and 2. This enhancement in approach to the conditioned cue in NIC animals fits with previous accounts of nicotine's ability to enhance the incentive value of a conditioned cue, even one that is not particularly associated with delivery of nicotine itself Palmatier et al., 2013b; Yager and Robinson, 2015) . We see that nicotine increased goal tracking in Experiment 2 but not Experiment 1, possibly because of the smaller number of animals in Experiment 1. Many studies that observe populations of animals that sign and goal track include much larger cohorts of animals to achieve the full range of behavior (Meyer et al., 2012) . Previous work has also pointed to the effect of colony and vendor differences on the behavioral traits of animals (Fitzpatrick et al., 2013) , although all animals from this study were obtained from the same vendor and location. We have previously reported enhanced goal tracking in NIC-exposed animals (Palmatier et al., 2013b) , similar to the Experiment 2 results reported here. This interesting result prompts further investigation into the nature of nicotine's incentive amplifying effects, as other drugs of abuse, such as cocaine and alcohol, have been shown to preferentially enhance sign tracking (Krank et al., 2008; McClory and Spear, 2014; Uslaner et al., 2006) . Nicotine is capable of increasing conditioned approach in animals pre-classified as sign and goal trackers, but on tests of conditioned reinforcement, nicotine enhances conditioned reinforcement in sign tracking animals specifically (Yager and Robinson, 2015) . This suggests that while nicotine can enhance both conditioned responses, drug exposure may impact animals differently based on individual predispositions.
We aimed to discern the function and involvement of the OFC in both sign-and goal-tracking components of Pavlovian conditioned approach. Previous studies involving permanent lesions of the OFC indicated involvement of this region in approach to the location of reward delivery and noted deficits in behavior when updating stimulus-outcome associations and representations of the value of the cue or reward (e.g., Ostlund and Balleine, 2007; Chudasama and Robbins 2003) . Here, we show that inactivation of the OFC by Fig. 8 . Cue-evoked behavior during the saline test session. Data are presented as mean ± SEM for NIC and SAL groups after injection with saline during the saline test session, or on a baseline day in which animals received the assigned drug or control injection. Behavioral measures (AeF) are as described in Fig. 2 . * main effect of test day p < 0.05, Ϯ Ϯ group Â test day interaction p < 0.05. infusion of GABA A and GABA B receptor agonists (Experiment 1) reduced expression of sign tracking regardless of nicotine exposure. Yet, when neuronal firing rates were analyzed surrounding a lever press (Experiment 2), we saw little phasic firing of OFC cells. In one study (Flagel et al., 2011a) , OFC activation was measured by c-fos mRNA expression when the cue was presented without reward after 3 days of extinction to the context, and only sign-tracking animals displayed an increase in OFC c-fos expression. Our pharmacological inactivation experiment agrees with this study, in that there was a reduction in sign tracking after OFC inactivation. This result, tempered by the lack of population activity or robust phasic firing during expression of the behavior, suggests that the OFC is involved in promoting the conditioned response, but that the behavior itself is not explicitly encoded in the firing rate of OFC Fig. 9 . Single unit electrophysiological recordings at cue onset or offset during the saline test session. Neuronal population activity in the OFC is presented as mean firing rate (±SEM, shaded) and normalized to whole session firing rate for nicotine-exposed and saline-control animals at cue onset and cue offset. (A, B) Population firing rates in SAL animals on the saline test day (Panel A, blue histograms) and NIC animals (Panel B, pink histograms) compared to the baseline recording session depicted in Fig. 6 (grey histograms). (C) Comparison of population activity from SAL (blue) and NIC (pink) animals on the saline test day. (*) significant difference in peak firing rate between groups, p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
neurons. The OFC is part of a much broader circuit that stimulates the sign-tracking response, particularly in terms of mesocorticolimbic circuitry that includes the nucleus accumbens and is required for the attribution of incentive salience to a cue (Flagel et al., 2011b) . The function of the OFC during sign tracking may be to represent the association between the cue and expected outcome and encode the anticipatory state evoked by cue presentation, allowing other components of the circuit to access this representation and invoke the actual behavioral response (Gallagher et al., 1999) . Recent descriptions of the function of the OFC, which suggest that it serves to integrate a multitude of cortical, subcortical, and sensory inputs to create a representation of the current task state (Wilson et al., 2014) , may provide an explanation for the role of the OFC during sign tracking.
Conversely, inactivation (Experiment 1) produced a limited reduction in goal tracking that only occurred in NIC animals. Physiologically (Experiment 2), there was a time-locked excitation of OFC neurons during cue-evoked receptacle entries as well as during retrieval of the reward, but not during receptacle entries that occurred in the absence of the cue. This suggests that neurons in the OFC are specifically encoding receptacle entries associated with anticipation of the expected outcome, which aligns with previous reports of single-unit activity in the OFC (Schoenbaum et al., 1998; Stalnaker et al., 2014) . Therefore, while the OFC may contribute to both types of conditioned response, OFC neurons explicitly encode in their firing patterns the goal-tracking conditioned response that more closely represents the expected outcome.
In addition to measuring OFC firing during conditioned responses, we also measured increases in firing rate immediately following presentation of the reward predictive cue. Multiple studies report OFC excitations to reward predictive cues in both primate and rodent models (Moorman and Aston-Jones, 2014; O'Doherty et al., 2002; Schoenbaum and Roesch, 2005; Tremblay and Schultz, 1999) , and OFC cells in the present study displayed excitations to both cue presentation and cue offset. Both aspects of the cue provide valuable information about the timing of reward receipt, with cue onset signaling pending reward delivery, and cue offset being the most proximal signal of immediate reward availability. However, it is possible that OFC cells are firing due to salient changes in the testing chamber, and not specifically to stimuli that predict reward. To address this, we analyzed firing in response to house light illumination, which occurs at the beginning of every conditioning session. The house light represents a salient change in the testing environment, but not one that is paired with immediate reward delivery. We found that OFC neurons did not show a timelocked excitation to the house light, which stands in contrast to their increased firing rate within the first second after cue presentation. A limitation of the present study is the lack of an unpaired stimulus for comparison, but a recent study that included an unpaired stimulus (Moorman and Aston-Jones, 2014) reported that OFC neurons exhibit reduced excitation to unpaired stimuli relative to reward-predictive stimuli. The inclusion of an unpaired stimulus would also allow us to discern the effects of nicotine on neuronal firing and behavior, as nicotine might enhance the reinforcing properties of an unpaired stimulus. However, we have previously demonstrated that nicotine exposure did not enhance the reinforcing properties of a non-reinforcing stimulus (Palmatier et al., 2012 .
In this study, we found that peak firing rates in NIC animals were lower than those in SAL animals at cue onset and during a goaltracking conditioned response. When nicotine was not injected prior to session initiation, NIC animals exhibited a higher peak firing to both cue presentation and cue offset. Similar to a previous report (Guy and Fletcher, 2014) , a reduction in conditioned responding accompanied these physiological effects, suggesting that the behavioral and physiological effects of nicotine resulted from acute actions of the drug.
At the time of testing, rats in this experiment had been receiving single daily injections of nicotine, 5 days on and 2 days off, for at least 8 weeks. Animals received enough nicotine to produce locomotor sensitization (Benwell and Balfour, 1992; Cadoni and Di Chiara, 2000; Miller et al., 2001 ) but would not have achieved the long-lasting increase in blood concentration of nicotine seen with self-administration. Studies of the effects of chronic exposure to nicotine, either through self-administration of the drug or through passive exposure paradigms, have demonstrated changes on a cellular and behavioral level in humans and animals (Barik and Wonnacott, 2009; Perry et al., 1999) . Acute or low dose administration of the drug can also result in changes to gene expression (Mychasiuk et al., 2013) as well as receptor expression and behavior (Barik and Wonnacott, 2009; Vezina et al., 2007) . Although we cannot be sure of the extent of neuroadaptations induced by nicotine exposure in our paradigm, it is clear that this exposure resulted in physiological adaptations that were alleviated in the absence of nicotine.
Nicotine acts on nicotinic acetylcholine receptors (nAchRs) that are comprised of combinations of receptor subunits that display variations in receptor level physiology resulting in differences in affinity and rates of receptor desensitization or upregulation (Feduccia et al., 2012; Picciotto et al., 2008) . NAChRs are located on multiple cell types in the PFC, including fast spiking and non-fast spiking interneurons (Poorthuis et al., 2013) . Activation of nAchRs on interneurons can lead to the increase in GABAergic transmission within the PFC (Couey et al., 2007) and could reduce firing of pyramidal neurons, which would provide an explanation for the reduction in peak firing rate that we observed. We found that inactivation of the OFC by microinfusion of GABAergic agonists resulted in a slight reduction in goal tracking, specifically in NIC animals. This might have resulted from the compounded interaction of nicotine on GABAergic signaling, along with the increase in GABA receptor activation caused by drug infusion. Future studies could utilize techniques that do not target neurotransmitter signaling, such as chemogenetic inactivation of the region immediately before conditioned responding. Overall, we expect that the intricate pattern of nicotinic receptor activation, desensitization, and upregulation led to the nicotine-induced changes in cell firing that we observed, but further studies are necessary to complete our understanding of the effect of receptor-level plasticity on real-time neuronal firing patterns.
The complex activation profile of nAChRs within the PFC alone could provide an explanation for the physiological results we observed. However, nicotine is capable of acting on nAChRs present throughout the brain, particularly within corticolimbic regions involved in reward processing and motivated behavior (Markou, 2008) . Activation of nAChRs within regions that project to the OFC, such as the ventral tegmental area, can influence both behavior and cell firing within the OFC. In the ventral tegmental area, activation of nAChRs on dopaminergic projection neurons can lead to the release of dopamine in the PFC (Livingstone et al., 2009) . With this study, we begin to elucidate the effects of nicotine on phasic firing patterns in the OFC, but additional studies will be required to form a complete picture of the circuit-level effects of nicotine on both behavior and the underlying neuronal activity. This is the first set of experiments to systematically explore the neurophysiology of nicotine-enhanced sign and goal tracking; therefore, several questions about the effects of nicotine and the neurobiological underpinnings of its effects on motivated behavior remain. For example, is it problematic that nicotine appears to enhance approach to both the sign and the goal in this paradigm?
Most substance dependence models have emphasized sign tracking and its role in vulnerability, yet we (Palmatier et al., 2013a,b) have shown that nicotine can increase both sign tracking and goal tracking to a sucrose-paired stimulus, and others (Yager and Robinson, 2015) have shown that sign trackers and goal trackers approach a nicotine-paired stimulus equally. In addition, while we have begun to explore the role of the OFC in these behaviors, the recruitment of the broader mesocorticolimbic circuit should also be investigated. Further clarification could be garnered by specifically targeting corticolimbic pathways thought to be associated with this behavior. Lastly, the precise actions of nicotine that lead to the measured behavioral and physiological changes are beyond the scope of this study. Future investigations of the cellular events, triggered by repeated exposure to nicotine, will bolster our understanding of the process by which nicotine modifies cue-evoked behavior.
Conclusions
Although we utilized an animal model of conditioned responding to probe the ability of nicotine to influence approach to a reward-predictive cue, these results have translational relevance as the same phenomenon has been observed in studies of similar cue-evoked behavior in humans. Specifically, nicotine use can enhance attentional bias to drug-associated cues in smokers (Chanon et al., 2010; Field et al., 2004) and increased cue-related activity in mesotelencephalic systems can predict relapse to nicotine use (Janes et al., 2010; McClernon et al., 2007; Versace et al., 2014) . Moreover, smoking nicotine-containing cigarettes can also enhance ratings of facial attractiveness in smokers, relative to smoking de-nicotinized cigarettes (Attwood et al., 2009) . In studies of smokers who were presented with both food and cigarette cues and then asked about craving, a strong cue-induced craving for food was correlated with craving cigarettes (Mahler and de Wit, 2010; Styn et al., 2013) . Thus, using animal models to investigate sources of biological variability in nicotine's enhancement of incentive stimuli can contribute to potential targets for intervention in the treatment of nicotine addiction.
In summary, using an established model of Pavlovian conditioned approach behavior that is enhanced by nicotine, we have shown that the OFC neuronal firing is recruited primarily during the goal-tracking conditioned response and that nicotine exposure acutely blunts firing in the OFC. These findings further our understanding of the ability of drugs of abuse to amplify existing variation in behavioral and physiological responses to conditioned cues.
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